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Abstract: A hybrid jet impingement / microchannel cooling scheme was designed and applied to densely packed PV 
cells under high concentration. An experimental study allows validating the principles of the design and confirming its 
applicability to the cited system. In order to study the characteristics of the device in a wide range of conditions, a 
numerical model was developed and experimentally validated. The results allow evaluating the contributions of the 
cooling device to the performances of densely packed PV cells under high concentration. The main advantages of the 
system are related to its compactness, its good capacity of heat extraction associated to relatively low pressure losses and 
its capability to improve the temperature uniformity of the PV receiver with respect to other cooling schemes. These 
features improve the net electric output of the whole system and its reliability.  
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INTRODUCTION 
As a consequence of the growing efficiency of high 
concentration PV cells, this technology is seen as one 
of the ways to reduce the cost of solar electricity. But 
in the case of densely packed PV cells under high 
concentration, an active cooling is necessary in order 
to avoid the reduction of the efficiency of the device 
and long term damage. 
On the one hand, the cooling device must have a 
thermal resistance lower than 10-4 Km2/W [1] and, on 
the other hand, must maintain a good level of 
temperature uniformity of the PV cells. In effect, this 
last parameter affects both the whole efficiency of the 
PV receiver and the reliability of the device. Jet 
impingement and microchannel cooling devices only 
manage the first design criteria [2]. 
DESIGN OF THE HYBRID JET 
IMPINGEMENT / MICROCHANNEL 
COOLING DEVICE 
In all cooling systems, the temperature of the 
refrigerating liquid (TF) increases throughout the 
circuit as a result of the absorption of energy. In the 
case of micro-channels, the heat transfer coefficient 
remains constant throughout the whole heat sink due to 
the geometry of the system while impinging jets offer 
a characteristic global reduction in the heat transfer 
coefficient throughout the circuit. However, as the 
energetic flux (q) that arrives at the cooling system is 
generally uniform, the temperature at the base of the 
heat sink (TC,l) increases in the direction of the fluid 
flow. 
The local thermal exchange coefficient (hl) is 
calculated from equation (1): 
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The local temperature of the bottom of the heat 
sink can be extracted from equation (1): 
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Analyzing this equation, it is evident that 
increasing the thermal exchange coefficient throughout 
the circuit is the only way to keep the temperature 
constant throughout the base of the heat sink (TC). 
In both microchannel and impinging jets, thermal 
exchanges vary according to the regime of the flow 
and the geometry of the circuit. But, for a given 
design, the flow regime remains fixed by the speed and 
inlet section of the heat sink. As a consequence, the 
only way to increase the thermal exchange coefficient 
throughout the circuit is to develop a cooling scheme 
with a variable internal geometry in the direction of 
the flow of the refrigerant. 
Based on this analysis, a hybrid jet impingement / 
microchannel cooling scheme is proposed for cooling 
densely packed PV cells under high concentration [3]. 
To achieve he main objective of this device that is to 
provide a quite uniform temperature profile to the 
receiver, the heat sink presents a design (Figure 1) far 
different from both other cooling schemes designed for 
densely packed PV cells [4] and other hybrid jet 
impingement /microchannel devices [5]. 
 
FIGURE 1. Principle of operation of the hybrid cooling 
device 
EXPERIMENTAL STUDY 
Experimental Set up 
The experimental device was fabricated in order to 
validate the proposed design (Figure 2). 
 
FIGURE 2. Experimental device 
 
The upper platform of the experimental heat sink, 
which corresponds to the area of the system to be 
cooled, measures 2.55 cm (width) by 5.95 cm (length).  
2.5 mm deep micro-channels are fitted at the top of the 
heat sink. Their widths vary at different points along 
the refrigerating liquid circuit, ranging from 3.5 mm to 
0.5 mm, with an intermediate section in which the 
channel width is 1.5 mm. The fins, which serve as 
vertical walls in the micro-channels, are 0.5 mm wide. 
The experimental set up (Figure 3) allows to the 
control of the temperature distribution of the heat sink 
throughout the circuit of the refrigerant for several 
conditions of inlet temperature, flow of refrigerant and 
heat flux to extract (simulated by two electrical 
resistances). 
 
FIGURE 3. Experimental set up 
Experimental Results 
The energy balance of each experiment was verified 
and the temperature distribution of the heat sink 
validated the principle of the design (Figure 4). 
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FIGURE 4. Experimental results. Temperature distribution 
of the heat sink for 4 experimental conditions. Tin = 12,6 ºC. 
The scheme on the upper part of the graph represents the 
longitudinal distribution of microchannels, from the inlet by 
jet impingement at x = 0 mm to the outlet of the device at x 
= 30 mm. Q is the coolant flow rate (m3/s). 
 
In effect, we can observe that the temperature 
decreases in the direction of the flow. It means that, 
with an optimization process, it will be possible to 
obtain a quite uniform temperature uniformity of the 
heat sink and so, of the densely packed PV cells. 
 
NUMERICAL STUDY 
Numerical Model 
In order to study the hybrid jet impingement / 
Microchannel cooling device in wide range of 
conditions, a numerical model was developed. 
According to the bibliography [6,7], the k-ω SST 
turbulence model was used. 
According to the different symmetry planes, the 
unit cell was reduced to the minimum (Figure 5) 
 
FIGURE 5. Description of the unit cell 
 
The mesh size was optimized and local refining 
was necessary at the boundary layer to maintain the 
value of the near-wall parameter y+ close to 1. 
Validation Of The Numerical Model 
The experimental conditions were applied to the 
numerical model in order to validate it. The agreement 
between the experimental and the numerical results 
was shown to be good (Figure 6), and so the numerical 
model is used for the parametric study of the cooling 
device. 
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FIGURE 6. Correlation between numerical and 
experimental results 
EFFECTS OF THE HYBRID COOLING 
DEVICE ON THE PERFORMANCES OF 
THE DENSELY PACKED PV CELLS 
The numerical model was used for the parametric 
study of the hybrid jet impingement / microchannel 
cooling device. The results shown that, even with a 
very compact design of the device, the thermal 
resistances coefficient were lower than 10-4 Km2/W 
and so that the heat sink maintain the PV cells 
temperature in the operating range, even with high 
concentration levels. The temperature uniformity of 
the PV receiver and its net electrical output was also 
analyzed. 
Temperature Uniformity 
TABLE 1. Dimensions of numerical models. 
 ws 
mm 
wm 
mm 
wl 
mm 
Wnm 
mm 
Ll 
mm 
Lm 
mm 
Ls 
mm 
Ref. 0.5 0.5 0.5 2 25 17.5 10 
LD1 0.5 0.5 - 1 0 17.5 10 
LD2 0.5 0.5 - 1 25 0 10 
LD3 0.5 0.5 - 1 25 17.5 0 
LD4 0.1 0.3 0.3 2 26.7 21.7 15 
 
The results for the different configurations of the 
device (Table 1) show that, varying the internal design 
of the heat sink, it is possible to provide a variable heat 
recovery capacity in the flow direction and so to 
provide a wide range of temperature profiles of the PV 
cells, included a quite uniform one (Figure 7). In all 
the designs compared (included the microchannel’s 
one) in this figure, the minimum channel size was kept 
constant (0.5 mm wide and 2.5 mm high). 
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FIGURE 7. Temperature distribution. (for Q=1,8.10-4 m3/s 
and under 450 suns) 
 
This higher level of temperature uniformity that 
can be allowed by the hybrid cooling scheme implies 
an augment of the reliability (avoiding thermal stress 
due to thermal expansion coefficients) and the global 
efficiency of the PV receiver. 
Net Electrical Output Of Densely Packed 
PV Cells Under High Concentration 
The net electrical output (PNet) of the receiver is 
defined by: 
 PumpCellsNet PPP −=  (3) 
Where 
 
QPP OutInPump ⋅∆= −  (4) 
 
PCells is the electrical output of the PV cells, PPump 
the pumping power necessary for the cooling circuit 
and ∆PIn-Out the coolant pressure losses (Pa). 
The increase of the coolant flow rate implies a 
reduction of the mean temperature of the PV cells and 
so an increase of PCells but also a great increase of the 
pressure losses and so of PPump. These trends cause the 
fact that, for each concentration level, it exists an 
optimum Reynolds number for witch PNet is maximum 
(Figure 8). 
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FIGURE 8. Net electrical output of the PV receiver for 
several concentration levels (Receiver area: 36 cm2) 
 
For fixed channels dimensions, the pressure losses 
of a microchannel cooling scheme grow with the 
coolant flow rate much faster than the one of the 
hybrid cooling scheme. Figure 9 shows that, for 
coolant flow rates higher than 5,39.10-4 m3/s, the net 
electrical output of a 36 cm2 PV receiver under 1900 
suns is higher when cooled by the hybrid device than 
when cooled by microchannel.  
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FIGURE 9. Net electrical output for a PV receiver cooled 
by Hybrid (H) and Microchannel (MC) heat sink 
CONCLUSION 
A hybrid jet impingement / microchannel cooling 
scheme was designed and applied to a receiver of 
densely packed PV cells under high concentration. 
This compact design has the following main 
advantages: 
- Thermal resistances coefficients lower than 10-4 
Km2/W 
- High level of temperature uniformity 
- Pressure losses lower than one of microchannel 
device for equals volume flow rates 
These features improve the net electric output of 
the whole system and its reliability. 
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